Invasive and proliferative phenotypes are fundamental components of malignant disease, yet basic questions persist about whether tumor cells can express both phenotypes simultaneously and, if so, what are their properties. Suitable in vitro models that allow characterization of cells that are purely invasive are limited because proliferation is required for cell maintenance. Here, we describe glioblastoma cells that are highly invasive in response to hepatocyte growth factor͞scatter factor (HGF͞SF). From this cell population, we selected subclones that were highly proliferative or displayed both invasive and proliferative phenotypes. The biological activities of invasion, migration, urokinase-type plasminogen activation, and branching morphogenesis exclusively partitioned with the highly invasive cells, whereas the highly proliferative subcloned cells uniquely displayed anchorage independent growth in soft agar and were highly tumorigenic as xenografts in immunecompromised mice. In response to HGF͞SF, the highly invasive cells signal through the MAPK pathway, whereas the selection of the highly proliferative cells coselected for signaling through Myc. Moreover, in subcloned cells displaying both invasive and proliferative phenotypes, both signaling pathways are activated by HGF͞SF. These results show how the mitogen-activated protein kinase and Myc pathways can cooperate to confer both invasive and proliferative phenotypes on tumor cells and provide a system for studying how transitions between invasion and proliferation can contribute to malignant progression. glioblastoma multiforme ͉ hepatocyte growth factor͞scatter factor ͉ Met
T he development and growth of tumor metastasis require that neoplastic cells must either have the potential to shift genetically or epigenetically between proliferative and invasive phenotypes or simply express both phenotypes simultaneously. Thus, many questions about the process of malignant progression remain unanswered, e.g., whether cells in the primary tumor possess malignant properties (1, 2) , whether micrometastases are obligatory precursors to frank metastases, and how the heterogeneity of tumor phenotypes contributes to malignant disease (3, 4) .
Hepatocyte growth factor͞scatter factor (HGF͞SF) is the ligand for the Met receptor tyrosine kinase (5) . In response to HGF͞SF, cells expressing Met trigger several signaling cascades that, depending on cell type, mediate a multitude of biological events such as proliferation (6) , scattering and migration (7, 8) , angiogenesis (9) (10) (11) , branching morphogenesis (12) , and͞or growth in soft agar (13) . HGF͞SF-induced signals and cellular responses are required for the development of the placenta, liver, tongue, diaphragm, limb muscles, and axons during normal embryogenesis (14) (15) (16) (17) and for wound healing (18) and organ regeneration (19) . Like other tyrosine kinase receptors, but for many more types, Met signaling has been implicated in the etiology and malignant progression of most types of human cancer (5) (www.vai.org͞vari͞metandcancer). Discovered independently as a mitogen for hepatocytes and as a motility factor for canine kidney cells, in many tumor cell lines, HGF͞SF induces both proliferative and invasive responses (20) (21) (22) . It is not certain whether fixed subpopulations exist within a cell line that are either invasive or proliferative or whether some cells proliferate and invade. Here, we have established in vitro methods to select tumor cells with highly invasive or proliferative phenotypes to allow characterization of the cells and the molecular pathways responsible for each phenotype. We chose to study a Met-expressing human glioblastoma multiforme tumor cell line, because of its unique, highly invasive phenotype in response to HGF͞SF. From these cells, we isolated highly proliferative subclones and cells with both proliferative and invasive phenotypes. We have examined these cells in vitro for proliferation, migration, branching morphogenesis (23) , and anchorage-independent growth (13) , and in vivo tumorigenesis assays in immune-compromised mice. We show that segregation of the proliferative and invasive phenotypes correlate with the selection of signaling pathways activated by HGF͞SF. The invasive cells signal through mitogen-activated protein kinase (MAPK), whereas highly proliferative cells use the Myc pathway, and the two pathways cooperate in cells with both phenotypes.
Materials and Methods
Cell Lines and Reagents. Parental DBTRG-05MG (DB-P), U373 human glioblastoma cells and HepG2 cells were obtained from the American Type Culture Collection (catalog no. CRL-2020) and cultured in DMEM containing 10% FBS. Human HGF͞SF was purified as described in ref. 24 . Anti-Met antibody (25H2), phospho-p44͞42 MAPK (Thr-202͞Tyr-204) monoclonal antibody, and phospho-AKT (Ser-473) antibody were obtained from Cell Signaling Technology (Beverly, MA). The antibodies for c-Met (C-28), ERK 2 (D-2), p21 (C-19), Myc (9E10), RAS (C-20), and horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit secondary antibodies were purchased from Santa Cruz Biotechnology. 3 H]thymidine incorporation was measured by precipitation of whole cells with chilled 10% trichloroacetic acid, solubilization of precipitates with lysis buffer (0.02 M NaOH͞ 0.1% SDS), suspension in 3 ml of scintillation mixture (Packard Bioscience) and measurement by a liquid scintillation counter (TRI-CARB 3100TR, Packard Bioscience).
Anchorage-Independent Growth in Soft Agar. Cells (1 ϫ 10 4 ) were seeded in six-well plates with a bottom layer of 0.7% Bacto agar in DMEM and a top layer of 0.3% Bacto agar in DMEM (13) . Fresh DMEM with 10% FBS with or without HGF͞SF (100 ng͞ml) was added to the top layer of the soft agar. The culture medium was changed twice a week. After 16 d, colonies were stained with 0.005% crystal violet; representative views from triplicate experiments were photographed, and the average number of colonies per well was determined.
Tumorigenesis Assays. Six-week-old female athymic nude (BALB͞c, nu͞nu) mice were injected with DB-P or DB-A2 (DB-A, a subclone of DB-P) cells. The cells (3 ϫ 10 6 ) were suspended in 100 l of PBS and injected s.c. Tumor volume was monitored every 3 d. Mice were euthanized when the tumors reached a volume of 1,000 mm 3 
Results
Selection of HGF͞SF-Inducible, Proliferative Subclones. HGF͞SF-Met signaling induces both proliferation and invasion as shown in a sampling of tumor cell lines (leiomyosarcoma, glioblastoma, colorectal, and prostate carcinomas) (Fig. 7 , which is published as supporting information on the PNAS web site). Of these tumor cell lines, DB-P cells were highly invasive and showed least proliferative response to HGF͞SF (21) . To isolate proliferative subclones from DB-P, we plated cells at low density in DMEM supplemented with HGF͞SF for 3 weeks, and fast-growing colonies derived from single cells were subjected to further analysis. DB-A2 and DB-A6 subclones were selected for further study because they were most active in thymidine incorporation assays in response to HGF͞SF (Fig. 1A) and they showed differences in downstream signaling. DB-P, DB-A2, and DB-A6 cells showed comparable levels of Met protein in the absence of ligand, but only DB-P cells showed significant Met downmodulation in response to HGF͞SF (Fig. 1B) . Moreover, DB-A2 cells showed low HGF͞SF-dependent Erk phosphorylation compared with DB-P cells, and DB-A6 cells were intermediate.
Assays for Invasive and Proliferative Cell Phenotypes.
To test whether the activities of DB-P, DB-A2, and DB-A6 were consistent with all invasive and proliferative properties in vitro, we tested them for HGF͞SF inducible urokinase-type plasminogen activator (uPA) activity, wound healing-migration, branching morphogenesis, anchorage-independent growth in soft agar, and in vivo for tumorigenicity. The results are summarized in Table 1 . In in vitro invasion assays in 3D Matrigel, DB-P cells were most invasive, whereas DB-A2 responded the least, and DB-A6 cells were intermediate (Fig. 1C) . We tested the DB-P and DB-A2 cells for HGF͞SF-inducible uPA activity (Fig. 1D) . Whereas parental cells displayed a 2-to 3-fold induction over basal level, the DB-A2 cells did not respond. Next, DB-P, DB-A2, and DB-A6 cells were compared in an in vitro wound healing migration assay. Cell sheets were scratched and then incubated in serum-free medium with or without HGF͞SF for 24 h. Dramatically, DB-P cells completely filled in the scratched area in 24 h in response to HGF͞SF, whereas both DB-A2 and DB-A6 cells were less responsive (Table 1 ; see also Fig. 8 , which is published in supporting information on the PNAS web site).
As an additional indicator of invasive potential, HGF͞SF characteristically induces branching morphogenesis in certain Met-expressing cell lines when they are cultured in 3D Matrigel. DB-P, DB-A2, and DB-A6 cells were compared in this assay. A remarkable 85% of DB-P cells formed branches in the presence of HGF͞SF. By contrast, Ͻ10% of DB-A2 and Ͻ30% of DB-A6 cells displayed branching activity (Table 1 and Fig. 2 ). We conclude that DB-P cells express all of the in vitro characteristics of highly invasive cells (Table 1) , whereas DB-A2 cells tested poorly in these assays, and DB-A6 cells, where tested, displayed an intermediate or mixed response. Thus, selecting for a highly proliferative phenotype resulted in significant decreases in HGF͞SF-dependent invasion activities.
We performed a soft-agar colony-formation assay comparing DB-P and DB-A2 cells (Fig. 3A) . In this assay, DB-P cells were inactive, and no colonies were visualized either in the presence of serum or when supplemented with HGF͞SF. In contrast, DB-A2 cells formed small colonies in soft agar in the presence of serum and much larger and more numerous colonies when supplemented with serum plus HGF͞SF. This assay does not merely reflect proliferation potential because DB-A2 grew better in serum compared with HGF͞SF in proliferation assays (data not shown). Anchorage-independent growth in soft agar is often predictive of tumorigenicity in vivo; we therefore inoculated DB-P and DB-A2 cells s.c. into athymic nude mice and compared the rates of tumor growth (Fig. 3B) . DB-A2 xenografts grew significantly faster than DB-P xenografts, the latter reaching a mean estimated volume nearly six times that of the DB-P xenografts by 28 d of growth (P Ͻ 0.05).
DB-P, DB-A2, and DB-A6: Specific Differences in Signaling Pathways.
We next studied the signaling induced by HGF͞SF. As indicated above, DB-P, DB-A2, and DB-A6 exhibited different responses to HGF͞SF with regard to Met down-modulation and Erk phosphorylation (Fig. 1B) . We also show slight differences in the kinetics of Met phosphorylation after HGF͞SF stimulation (Fig.  4A ) and in the abundance of Met protein expression after HGF͞SF stimulation, indicating that the turnover of Met is regulated differently.
We further evaluated signal pathways downstream from Met in DB-P, DB-A2, and DB-A6 cells as a function of HGF͞SF (Fig.  4B) . We detected higher levels of Ras in DB-P cells than DB-A2 cells, and HGF͞SF induced significant phosphorylation of Erk and Akt in these cells (Fig. 4B Left) . By contrast, DB-A2 cells showed dramatically higher Myc protein induction after HGF͞SF exposure compared with DB-P cells. Comparing signaling pathways in DB-P cells and DB-A6 cells (Fig. 4B Right) , there was less difference in the level of H-Ras between the two cell types, but Myc expression was greater in the DB-A6 cells. Taken together, our in vitro data suggest that for these tumor cells, the Ras͞MAPK and phosphatidylinositol 3-kinase͞Akt pathways are associated with the phenotype of the invasive cells displayed by DB-P and DB-A6 cells, but not by the highly proliferative DB-A2 cells. In DB-A2 cells, Myc expression is associated with the proliferative phenotype.
DB-A2 cells showed significant growth as tumor xenografts (Fig. 3B) , which indicated that Myc maybe important for supporting tumor growth. We examined the tumor xenografts generated by DB-A2 and DB-P cells for the expression of Myc (see Fig. 4C ). All tumors were collected when they were Ϸ1,000 mm 3 . The DB-A2 tumors were harvested at 31 d, whereas the DB-P tumors took 49 d to reach the same size. High levels of Myc protein were detected in all tumors, but not in parental DB-P or DB-A2 cells in the absence of HGF͞SF treatment, indicating that Myc expression may be associated with a selective advantage for tumor growth.
Consequences of Ectopic Myc Expression in DB-P Cells. We further tested whether Myc was important for the proliferative phenotype by expressing it ectopically in DB-P cells. Using a CMV promoter͞leader sequence, we showed that Myc mRNA was present by RT-PCR in two transfected clones (Pmyc-1 and Pmyc-2) (Fig. 5A) , and Myc protein was overexpressed (Fig. 5B) . By thymidine incorporation, both Pmyc-1 and Pmyc-2 cells displayed significantly higher proliferative responses to serum and͞or serum supplemented with HGF͞SF than DB-Pc cells, and the thymidine incorporation approached that of the highly proliferative DB-A2 subclone (Fig. 5C ). However, ectopic Myc expression did not influence HGF͞SF mediated invasion (Fig.  5D) , and both Pmyc clones remained highly invasive. By contrast, Myc expression substantially enhanced colony formation in soft agar (Fig. 5E) . Thus, the Pmyc-1 and -2 expressing cells displayed a phenotype indistinguishable from the mixed phenotype, DB-A6 cells.
Selection of Invasive Revertants of DB-A2.
We asked whether invasive revertants of the highly proliferative DB-A2 cells could be selected to see whether they have signaling properties of DB-P cells. We were concerned that the proliferation required for maintaining the ''invasive'' cells would act negatively in their selection. However, the proliferation, which occurs with invasion-specific branching morphogenesis as with DB-P cells ( Fig.  2 and Table 1 ), should not. Invasive cells were selected from DB-A2 cells by using branching morphogenesis conditions. DB-A2 cells were cultured in 3D Matrigel, supplemented with HGF͞SF for 1 week. Rare branching clusters (1͞5,000 cells plated) were selected and expanded to obtain highly branching subclones. In branching morphogenesis assays, Ͼ80% of cells selected as subclones from the DB-A2 cells (A2-BH6 and A2-BH7) showed HGF͞SF-induced branching activity indistinguishable from invasive DB-P cells (Fig. 6A ) and extensive HGF͞SF specific branching structures were observed after 1 week (Fig. 6B) . Moreover, in response to HGF͞SF, the A2-BH6 and A2-BH7 cells were highly invasive (Fig. 6C ) and expressed levels of uPA-plasmin activity equivalent to DB-P cells (Fig. 6D) . However, the A2-BH6 and A2-BH7 cells showed thymidine incorporation activity intermediate between the proliferative DB-A2 and the invasive DB-P cells (Fig. 6E ), suggesting they were more similar to the DB-A6 mixed phenotype. This similarity was more obvious from the levels of HGF͞SF-induced Erk and Akt phosphorylation, higher than DB-A2 but less than DB-P cells (Fig. 6F) . The presence of Myc in A2-BH7 cells was similar also to DB-A2 cells. These results further show that the MAPK and Myc pathways partition with the invasive and proliferative phenotypes, respectively. We also show that shifting from one to the other phenotype is easily accomplished with this cell line.
HGF͞SF-Met Induced Proliferation͞Invasion in Human Tumor Cell
Lines. To determine whether cell proliferation and invasion phenotypes and the respective MAPK (invasion) and Myc (proliferation) are separable and selectable from other tumor cell populations, we isolated from U373 glioblastoma tumor cells, subclones with greater proliferative potential than the parental cells, by using the same selection procedure as for DB-A2 (Fig. 9 A and B , which is published as supporting information on the PNAS web site). Subclone U373-C3 and subclone U373-C4 exhibited differences in thymidine incorporation. After HGF͞SF treatment, Myc expression in U373-C4 cells was higher. However, the activation of Erk in the two subclones was comparable.
By using the selection method, we also obtained a more proliferative subclone, G2-L4, from a hepatocellular carcinoma cell line HepG2. HGF͞SF does not induce thymidine incorporation in parental HepG2 cells, but does in G2-L4 cells (Fig. 9C) . By contrast, the invasive potential of subclone G2-L4 was lower than the parental cells (Fig. 9D) . Consistent with our glioblastoma studies, Erk activation was much more pronounced in the more invasive parental HepG2 cells, whereas the induction of Myc was more prominent in G2-L4 cells. Thus, after one selection, we observed preferential selection for Myc with HGF͞ SF-mediated proliferation (Fig. 9E) , suggesting that it is not an uncommon property of tumor cells.
Discussion
Invasive neoplasms arise from transformed cells through clonal expansion of cells having a selective advantage (25) (26) (27) . Genomic instability, both genetic and epigenetic, fuels the process whereby cells with proliferative and invasive potential eventually emerge. The activation of oncogenes and functional inactivation of tumor suppressor genes causes a loss of growth regulation, which is characterized by proliferation and subsequent invasion. Although many of the genes and pathways responsible for oncogenic transformation are known, the mode of selection and how they contribute mechanistically to malignant progression is less clear. A very simple model is that the progeny of proliferating cells in the primary tumor acquires an invasive potential, and that these cells after local invasion or migration to new sites again become proliferative but may retain the invasive phenotype.
Here, we show that HGF͞SF dependent highly proliferative cells can be selected from invasive human glioblastoma cells and that these proliferative cells easily revert to an invasive phenotype. The in vitro biological activities of invasion, uPA-plasmin activation, wound migration, and branching morphogenesis appropriately partition to the invasive cells, whereas proliferation, growth in soft agar, and in vivo growth as tumor xenografts group with the proliferative phenotype ( Table 1) . We show that HGF͞SF exposure mediates both the invasive and proliferative phenotypes, confirming that both can result from Met activation. The downstream signaling pathways with these disparate phenotypes are quite distinct and appear to act independently. Although they may coexist in the same cell framework, they vary in their responsiveness to HGF͞SF. The HGF͞SF-responsive proliferative phenotype is associated with enhanced Myc expression, whereas the invasive phenotype displays enhanced signaling through the MAPK pathway. Moreover, cells with both phenotypes such as DB-A6 or DB-P cells ectopically expressing Myc (e.g., Pmyc, Fig. 5) , and those cells selected as invasive revertants of highly proliferative cells (A2-BH7, Fig. 6 ), also grow in soft agar and coexpress both pathways.
Previously, we have shown that, in human glioblastoma multiforme (GBM) cell lines, there is a significant variation in response to HGF͞SF (21), ranging from highly proliferative to invasive (21) . DB-P cells were derived from a patient with glioblastoma multiforme (28) . HGF͞SF efficiently induces migration and invasion in DB-P and in other glioblastoma multiforme cell lines (21) . Nonetheless, we readily isolated subclones from the DB-P cells that are highly proliferative in response to HGF, suggesting that such cells exist within the parental population. The selection of highly proliferative and tumorigenic subclones may mimic events associated with malignant progression in vivo but, like DB-A6 cells, most tumor cells in vivo are likely to possess both phenotypes. Interestingly, the DB-A2 proliferative responses to either serum or HGF͞SF are indistinguishable (data not shown), but HGF͞SF does enhance growth in soft agar (Fig. 3A) , showing anchorage independent growth is facilitated by Met signaling. We have shown that HGF͞SF induced cell growth in soft agar is mediated through Stat 3 (13) .
Our previous studies (23, 29) and those of others (22, 30) show that Met can contribute to both tumor initiation and progression. Here, we show that tumor growth and invasion are two distinct processes directed by different molecular signaling pathways controlled by the same hierarchal Met receptor, supporting the idea that Met-mediated activation of specific signaling pathways is required to fulfill distinct cellular responses (17, 31) . We observed in this study with cell lines of different types that the high proliferative rate of DB-A2, DB-A6, U373-C4, and G 2 -L4 cells correlates with the up-regulation of Myc protein by HGF͞ SF. Ectopic expression of Myc in DB-P cells also increases their proliferation rate, confirming an essential role of Myc in mediating HGF͞SF-induced proliferation. These results are consistent with previous reports that Myc is required for HGF͞SF stimulation of cell cycle progression through G 1 phase in primary hepatocytes and glioblastoma cells (32, 33) and the more recent study showing Met and Myc synergize in tumorigenesis (34) . Although not rigorously characterized, Myc mRNAs did not appear to be different in DB-P and DB-A2 cells (data not shown), and other mechanisms like ubiquitin-mediated proteolysis may be involved in the regulation of the Myc protein level (35, 36) . Thus, accumulation of Myc protein could be due to an increase in the half-life in glioblastoma multiforme cells (37) . Myc degradation can be blocked by Ras͞MAPK-mediated signaling (38) . However, the Myc protein level is low in DB-P cells, even though HGF͞SF activates both MAPK and Akt pathways.
Interestingly, the DB-P cells may help to explain the phenotype of micrometastatic cells. Micrometastatic cells appear to be in a dormant, low proliferative state (39) , perhaps proliferating as in the branching morphogenesis mode (Fig. 2) (40) . We postulate that the highly invasive DB-P cells, which grow slowly compared with DB-A2 cells (Fig. 3) , are like micrometastasis in vivo. However, there is a shift to the more rapidly growing in Myc-expressing cells.
Cell invasion requires the complex coregulation of cytoskeletal reorganization and cell motility as well as proteolysis and interaction with the extracellular matrix, all activities measured in our ''invasive'' assays (Table 1) . This invasive activity extends as well to the identification of the MAPK and Akt signaling in the DB-P cells (Fig. 4) . The requirement of the MAPK and phosphatidylinositol 3-kinase pathways for scattering and migration is well known (41) (42) (43) (44) (45) (46) . Moreover, treating DB-P cells with a combination of MAPK and phosphatidylinositol 3-kinase inhibitors completely blocked HGF͞SF mediated cell invasion in vitro (data not shown). MAPK signaling may also contribute to cell invasion by up-regulating uPA and uPA receptor (23, 47, 48) . Significant uPA activity was detected after HGF͞SF stimulation of highly invasive DB-P cells ( Fig. 1 and Table 1 ) but not with the poorly invasive DB-A2 cells. Moreover, high MAPK and uPA activity was restored in the invasive revertants of DB-A2 cells (A2-BH7, Fig. 6 ). Modest MAPK activation is required for cell cycle reentry, whereas high activity can induce cell cycle arrest or senescence (49) . For many years, it has been known that Myc can cooperate with Ras to induce cellular transformation (50) , and mice carrying both activated v-Ha-Ras and Myc transgenes show dramatic acceleration of tumor formation. Our study strongly suggests that the cooperation of MAPK and Myc genes may contribute to malignant progression through regulating the selection of invasive and proliferative phenotypes that is essential for successful formation and growth of metastases.
